In this paper we describe a study using C. daubneyi adult parasites collected from prime cattle 1 0 1 slaughtered in a large red meat abattoir, with the aims of: i) confirming the species identity of 1 0 2 recovered rumen flukes; ii) identifying the presence of multiple genotypes per infection (multiplicity 1 0 3 of infection) and iii) demonstrating the emergence and spread of C. daubneyi haplotypes. The species 1 0 4 identity of rumen flukes was confirmed by deep amplicon sequencing of a 282 bp fragment of second 1 0 5
internal transcribed spacer (ITS-2) rDNA. Haplotype diversity in 32 C. daubneyi populations, each 1 0 6
derived from different single infected cattle consigned from different locations in the northern United 1 0 7
Kingdom was shown by deep amplicon sequencing of a 333 bp fragment of the mt-COX-1 locus. 1 0 8
Split and network trees of the mt-COX-1 haplotypes were examined to show patterns of emergence 1 0 9
and spread of C. daubneyi, providing proof of concept for a novel approach to the study of parasite 1 1 0 epidemiology. 1 1 1 1 1 2 2. Materials and methods 1 1 3 2.1. Study resources 1 1 4
Populations of adult C. daubneyi were collected from a total of 32 finished prime cattle 1 1 5 slaughtered during 2014 in a large red meat abattoir in central Scotland during the winter (on 5 1 1 6 sampling days between 13 th January and 3 rd March 2014) and summer/autumn (on 5 sampling days 1 1 7
between 25 th August and 6 th October 2014). The sample collection strategy was designed both for 1 1 8 logistical reasons, and to reduce the risk of disproportionate collection of multiple C. daubneyi 1 1 9 populations from the same holdings, thereby allowing a representative distribution of cattle origins of 1 2 0 consignment. All cattle slaughtered in United Kingdom abattoirs are uniquely identified and traceable 1 2 1 under the auspices of the British Cattle Movement Services (https://www.gov.uk/cattle-tracing-1 2 2 online), showing each animal's origin prior to slaughter. Briefly, the identification of every tenth 1 2 3 animal slaughtered on each sampling day was checked and recorded at the point of slaughter and the 1 2 4
corresponding forestomachs were tagged to allow samples to be collected from the correct animals 1 2 5
and matched to BCMS data. Forestomachs were incised along the greater curvature of the rumen and 1 2 6 everted to remove their contents, as a standard part of the abattoir's tripe preparation process. The 1 2 7
total numbers of adult C. daubneyi were enumerated and between 10 and 50 rumen flukes from each 1 2 8 parasitised animal, depending on the numbers of flukes present ( Supplementary Table 1 ), were fixed 1 2 9
in 70% ethanol and archived. 1 3 0
Genomic DNA extraction 1 3 1
In order to avoid contamination with any progeny DNA, a ~2 mg section of each parasite's head 1 3 2 was taken and rinsed twice for 5 min in a petri dish in ddH 2 O. The tissue sections were then lysed in 1 3 3 lysis buffer and Protinease K (10mg/ml, New England BioLabs). The lysis buffer contained 50 mM 1 3 4 KCL, 10 mM Tris (pH 8.3), 2.5 mM MgCl 2 , 0.045% Nonidet p-40, 0.45% Tween-20, 0.01% gelatin 1 3 5
and ddH 2 O in 50ml volumes (Chaudhry et al., 2015a) . Samples were lysed in 50 μ l for 98 minutes at 1 3 6 60 o C followed by 15 minutes at 94 o C then stored at -80 o C until PCR. Deep amplicon sequencing was performed from a 282 bp fragment of ITS-2 rDNA using 1 4 5
previously published universal trematode primer sets (Adlard et al., 1993; Chaudhry et al., 2015a ) and 1 4 6 from a 333 bp fragment of mt-COX-1 using newly developed primers ( Supplementary Table 2A ) 1 4 7
amplifying a locus within the 885 bp fragment used by Zintl et al. (2014) . Adapters were added to 1 4 8 allow the successive annealing of the primers and N is the number of random nucleotides included 1 4 9
between each specific primer to increase the variety of generated amplicons. Four forward and four 1 5 0 reverse primers were mixed in equal proportion in the first round PCR reaction made under the 1 5 1
following conditions: 5X KAPA HiFi Fidelity buffer, 10 mM dNTPs, 10 μ M forward and reverse 1 5 2 adapter primer, 0.5 U KAPA HiFi Fidelity Polymerase (KAPA Biosystems, USA), 14μl ddH2O and 1 5 3
1μl of worm lysate. The thermocycling conditions of the PCR were 95 o C for 2 minutes, followed by 1 5 4 35 cycles of 98 o C for 20 seconds, 65 o C for 15 seconds for ITS-2 and 70 o C for 15 seconds for COX-1, 1 5 5 72 o C for 15 seconds and a final extension 72 o C for 5 minutes. PCR products were purified with 1 5 6
AMPure XP Magnetic Beads (1X) (Beckman coulter, Inc.) using a special magnetic stand and plate 1 5 7 according to the protocols described by Beckman coulter, Inc. 1 5 8
A second round PCR was performed using eight forward and twelve reverse barcoded primers 1 5 9
( Supplementary Table 2B ), avoiding repetitions of the same barcoded primer combinations in 1 6 0 different samples. The second round PCR conditions were; 5X KAPA HiFi Fidelity buffer, 10 mM 1 6 1 dNTPs, 10 (Zintl et al., 2014) was too large, hence unsuitable for the Illumina MiSeq platform, albeit our primers 3 0 1
were designed to amplify a locus within the larger fragment to allow for genomic comparisons. Our 3 0 2 method enabled the generation of haplotype sequences from a representative total of 721 parasites, 3 0 3
showing the proportions of each haplotype present in populations in individual cattle consigned to 3 0 4 slaughter from 32 different farms. The study design allowed the proportions of haplotypes present to 3 0 5
be mapped to precise geographical locations from where cattle were consigned to slaughter. 3 0 6
However, infection of final hosts is considered to be cumulative, hence our observations may be 3 0 7
confounded by both recent infection and burdens established over previous years (González-Warleta 3 0 8 et al., 2013), depending on the production system and previous treatments effective against rumen 3 0 9
flukes. Some of the cattle in our study may have spent their entire life on a single farm, while others 3 1 0 may have had several movements prior to slaughter, hence their C. daubneyi burdens at slaughter 3 1 1
could have been acquired on other farms, depending on their grazing history and the availability of
C. daubneyi was the only rumen fluke species identified by ITS-2 rDNA sequence data in our 3 1 4 study. Data analysis of the full sequence of the ITS-2 rDNA locus only revealed intraspecific 3 1 5 variation at a single position, hence this locus was not useful for phylogenetic comparisons. The 3 1 6
northern United Kingdom C. daubneyi were genetically indistinguishable from Irish populations 3 1 7
(Zintl et al., 2014) at the ITS-2 rDNA locus. In contrast, our results showed high levels of haplotype 3 1 8 diversity in the mt-COX-1 locus, with 18 unique haplotypes in populations derived from the northern 3 1 9
United Kingdom. The nucleotide diversity was also high, highlighting large differences in nucleotide 3 2 0 sequences at the same locus. These results are similar to those described in Irish cattle ( An aim of the present study was to use novel molecular genetic approaches to gain insight into the 3 2 9
emergence and spread of C. daubneyi infection in United Kingdom. At farm level, infection may 3 3 0 emerge singly or on multiple occasions through animal movement, or translocation of intermediate
hosts, or free-living egg, miracidia, cercaria or metacercaria stages. The presence of a single mt-3 3 2
COX-1 haplotype in five populations suggests a single emergence of C. daubneyi infection on the 3 3 3 farms from which the parasite populations were derived, putatively associated with a combination of 3 3 4 geographical isolation and infrequent animal introductions. In contrast, the identification of one 3 3 5
population with three unique haplotypes is consistent with multiple introductions, but no subsequent 3 3 6 spread of C. daubneyi infection, putatively in a cattle-finishing herd with frequent introduction of 3 3 7
animals but no onward movements other than to the abattoir. Multiple common mt-COX-1 3 3 8
haplotypes in 26 populations in the absence of geographical clustering of clades is consistent with 3 3 9 multiple introductions on the farms from which the parasite populations were derived and subsequent 3 4 0 spread of C. daubneyi infection. The theoretical alternative explanation of recent expansion of a small 3 4 1 divergent established population is unlikely given the high variation in proportions of different 3 4 2
haplotypes and the parasite's reproductive strategy; and due to the absence of reports of rumen flukes 3 4 3
in United Kingdom livestock between 1950 (Wilmott, 1950 ) and 2008 (Foster et al., 2008 . Hence, 3 4 4
our results illustrate the potential impact of high levels of animal movements in the United Kingdom 3 4 5
(Vernon, 2011), for example involving trade in weaned suckler calves and store cattle, on the spread 3 4 6 of infection. 3 4 7
In summary, our genetic data provide first insights in the emergence and the spread of C. daubneyi 3 4 8
infection in United Kingdom. Our findings suggest both single and multiple independent emergence 3 4 9
of C. daubneyi infection at farm level. Most common mt-COX-1 haplotypes were identified in 3 5 0 several populations across a range of geographic locations, highlighting the role of animal movements 3 5 1
in the spread of infectious disease. This understanding is relevant to the educational dissemination 3 5 2 and implementation of sustainable parasite control strategies. The study provides proof of concept of 3 5 3 a method that could be used in the study of host-parasite relationships to examine influences of host 3 5 4 movement, animal management, availability of intermediate hosts, and climate change on the 3 5 5 epidemiology of parasitic diseases. 3 5 6 3 5 7
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